We demonstrate a frequency multiplexed photon pair generation based on a quadratic nonlinear optical waveguide inside a cavity which confines only signal photons without confining idler photons and the pump light. We monolithically constructed the photon pair generator by a periodicallypoled lithium niobate (PPLN) waveguide with a high reflective coating for the signal photons around 1600 nm and with anti-refrective coatings for the idler photons around 1520 nm and the pump light at 780 nm at the end faces of the PPLN waveguide. We observed a comb-like photon pair generation with a mode spacing of the free spectral range (FSR) of the cavity. Unlike the conventional multiple resonant photon pair generation experiments, the photon pair generation were incessant within a range of 80 nm without missing teeth due to a mismatch of the energy conservation and the cavity resonance condition of the photons.
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Photon pairs produced by spontaneous parametric down conversion (SPDC) or spontaneous four wave mixing are commonly used as a resource of single photons and entangled photon pairs in photonic quantum information experiments. Unfortunately, the photon pairs include not only the genuine single photon pair but also multiple photon pair emission, which degrades the quality of the single-photon-based experiments. Typically, suppression of the multiple photon photon emission is achieved by setting a single photon emission probability to a value much smaller than unity, while it makes the amount of the vacuum large and the success probability of the protocol small. To overcome this problem, frequency multiplexed photon pair generation has been studied. Such a photon pair generator can be realized by using an optical parametric oscillator (OPO) far below threshold [1] ; A nonlinear optical medium is installed in an optical cavity for confining the photons, and a sufficiently weak pump light for the photon pair generation is used. Typical nonlinear optical media have a wide bandwidth for photon pair generation, whereas the optical cavity suppresses the photon generation in non-resonant modes. As a result, photon pairs with clear frequency mode separation are produced. So far, a lot of experiments of the photon pair generation with various cavity configurations have been performed [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . However, to the best of our knowledge, all of the previous demonstrations for frequency multiplexed photon pair generation have used a doubly-resonant OPO which confines both the signal and the idler photons, or a triply-resonant OPO which additionally confines the pump light. While the photon pair generation by using a singly-resonant (SR) OPO which confines only one half of the photon pair has been demonstrated in Ref. [13] , the experiment focused on the narrow-band single photon generation as in the case of the photon pair generation by the doubly-resonant OPO [14] [15] [16] [17] [18] [19] [20] [21] [22] .
In this paper, we demonstrate a frequency multiplexed photon pair generation based on a quadratic nonlinear optical medium with the SR OPO configuration. In the experiment, we used a periodically-poled lithium niobate (PPLN) waveguide as the nonlinear optical medium which is widely used in the quantum information experiments [23] and has a possibility to be integrated into an on-chip photonic circuit [24] [25] [26] [27] [28] . In our experiment, a pair of photons is generated into a long and a short wavelength comb-like mode. For convenience, we call the long one and the short one as signal and idler photon, respectively. Our cavity is designed for confining only the signal photons in a monolithically-integrated quadratic nonlinear waveguide resonator (QNWR) which we call PPLN-QNWR; dielectric multilayers are directly formed at the end faces of the PPLN waveguide. The photon pair generation with the SR configuration has several features as follows. The photon pair generator does not need a severe stabilization of the pump laser frequency to the cavity. In addition, in spite of no cavity configuration for the idler photons, not only the signal photons but also the idler photons have comb-like spectrum as if both of them are confined in the cavity. Different from the photon pairs by the multiple resonant OPO, the spectra in SR configuration do not have missing teeth within specific spectral intervals derived from a mismatch of the energy conservation and the cavity resonance conditions of the photons known as the cluster effect [16, [18] [19] [20] [21] . As a result, a wide-band frequency multiplexed photon pair generation can be possible. When we regard the device as a single photon generator in the idler mode heralded by the signal photon of the photon pair, the idler photon does not suffer from the cavity loss and thus the narrow spectral photon can be efficiently prepared. The heralded idler photon has an exponential rising waveform as the time reversed waveform of the heralding signal photon confined in the cavity, which are expected to achieve a high mode matching to an atomic ensemble and optical circuits employing cavity systems [29, 30] . The experimental setup is shown in Fig. 1 . The pump light at 780 nm for SPDC is frequency stabilized to a resonance of rubidium atoms [31] . By using a pair of half waveplates (HWP) sandwiching a polarization beamsplitter (PBS), the power of the pump light is set to 500 µW to 2 mW, and its polarization is set to vertical (V) polarization. After that, the pump light is focused on the PPLN-QNWR for SPDC.
The PPLN waveguide used in our experiment is a Zincdoped lithium niobate as a core and lithium tantalite as a clad. The length is 20 mm. The periodically-poling period is designed for satisfying the type-0 quasi-phasematching (the polarization of the relevant three light is V) of the second harmonic generation of 1560-nm light at 50
• C. Both ends of the PPLN are flat polished for Fabry-Pérot cavity structure, and coated by the dielectric multilayers for a high reflective coating around 1600 nm and anti-reflective coatings around 1520 nm and 780 nm, which are shown in Fig. 2 (a) . The signal and the idler photons generated at the PPLN-QNWR are separated from the 780-nm pump light by a dichroic mirror (DM1), and then the V-polarized photons are coupled to a single mode fiber (SMF). The photons are divided into two paths by a fiber-based half beamsplitter (BS). Both photons pass through bandpass filters (BPF) with their minimum bandwidth of 0.03 nm, and finally they are detected by superconducting single photon detectors (SSPDs) [32] . The electrical signals from the two detectors are connected to the time-to-digital converter (TDC), and the coincidence counts with timestamps are recorded.
Before the photon-pair generation, we first measured the optical response of the PPLN-QNWR. We turn off the pump laser at 780 nm, and we observe the transmission spectra of a telecom light from an external cavity diode laser (ECDL) with scanning the frequency. The telecom light output from the PPLN-QNWR is coupled to the SMF, and is detected by a photo detector (PD) followed by an oscilloscope. Examples of the observed resonant peaks are shown in Fig. 2 (b) . Each peak is fitted by using a Lorentzian with a constant noise level. By borrowing the free spectral range (FSR) ∆ f = 3.5 GHz of the cavity from a previous reported value by using a 20-mm-long PPLN waveguide with a resonant structure for telecom light [33] , we showed a full width at the half maximum (FWHM) denoted by γ f in Table I . From the above experimental result, the photon pairs in the SR configuration are expected to be generated with their mode spacing corresponding to FSR of the cavity. To see this, we measured the beat signals of the frequency separated photons by the coincidence measurement. We set the bandwidths of the BPFs to 1 nm for collecting the several separated frequency modes for both the sig- nal and the idler photons. The electrical signals from the detectors for the idler and the signal photons are used as a start and a stop of the TDC, respectively. In this setup, the beat effect among the frequencies of the detected photons should be observed as an oscillation of the coincidence counts between the signal and the idler photons [13, 34] . In Fig. 3 In Fig. 3 , we see not only the oscillation but also the time decay of the coincidence counts. In the case of the doubly-resonant photon pair around 1560 nm, the symmetric waveform in the time domain was observed as in the previous experiments [15, 20] . On the other hand, in the cases of the photon pairs in SR configuration around (1600 nm & 1522 nm) and (1580 nm & 1540 nm), single-sided exponential time decays were observed. The best fit of the envelopes of the curves to the Lorentzian A exp(−γ(t − τ 0 )/2) + d for t ≥ τ 0 and d for t < τ 0 with fitting parameters A, γ and d shows that the FWHMs γ/(2π) of the Lorentzian in the frequency domain are 114 MHz and 270 MHz, respectively. Here τ 0 is the time when the maximum of the coincidence counts was obtained.
Next we set the bandwidth of the BPFs for the signal and idler photons to 0.03 nm corresponds to 3.7 GHz. These filters severely limit the frequency modes to a single mode for both signal and idler. We set the center wavelengths of the BPFs to 1600 nm and 1522 nm. The observed coincidence counts are shown in Fig. 4 . Due to the single frequency mode filtering, the exponential time decay without oscillation was observed. By swapping the role of the BPFs, the coincidence counts with the time reversed shape was obtained. This result can be interpreted that the photon with the exponential rising shape is prepared in the idler mode heralded by the signal photon detection.
For the above wavelengh setting, we measured the second-order intensity correlation function g (2) of the signal (idler) photon heralded by the idler (signal) photon. The measurement was performed by splitting photons into two spatial paths after one of the BPFs in Fig. 1 . The coincidence time window was set to 9 ns (corresponding to ∼ 560 bin in Fig. 4 ), in which a large portion of the wave packet was included. The experimental result is shown in Fig. 5 . As is the case with the conventional SPDC process, the functions g (2) of the heralded signal and idler photons take the same value, and are proportional to the pump power in this power range.
The single and coincidence counts are also proportional to the pump power as shown in Fig. 6 . The ratio of the single counts of the the signal photons to that of the idler photons is about 0.54. The coupling efficiencies of the signal and the idler photons were estimated to be almost the same by using the classical laser light, and thus the difference of the single counts reflects our cavity design such that the reflectance at the both ends of the PPLN-QNWR for 1600 nm is the same as shown in Fig. 2 (a) . If a proper high reflective coating is formed at the front end of the PPLN, all signal photons will come out from the back end of the PPLN. By assuming that the internal loss of the idler photons at the PPLN-QNWR is negligibly small, the intrinsic photon pair generation rate at the PPLN-QNWR within the single resonant pair for 1600 nm and 1522 nm is estimated as 7.5×10
6 pairs/(s · mW) which is larger than the previous reported value by using a conventional 40-mm PPLN waveguide [31] . The enhancement effect by our cavity design is for the future study.
Finally, in order to see no cluster effect in the photon pairs produced by the PPLN-QNWR with SR configuration, we removed the BS in Fig. 1 , and measured the single photon counts by scanning the center wavelengths of the BPF. The bandwidth of the BPF is set to 3 nm and the pump power is set to 500 µW. The experimental result is shown in Fig. 7 . Different from the cases of the SPDC based on the doubly-resonant cavity [16, 18] , the photon pairs were not suppressed over all the spectral range from 1520 nm to 1600 nm. The expected number of the photon pair modes with the mode spacing of the FSR is about 1400 in this range. We note that the single photon counts for longer wavelengths are smaller, because of our asymmetric cavity design for the signal and the idler photons as is the case with Fig. 6 (a) .
In conclusion, we have demonstrated the frequency multiplexed photon pair generation based on the PPLN waveguide as the nonlinear optical crystal with the SR OPO configuration in which only signal photons are confined. As is the cases of the photon pair generation based on the multiple resonant OPO, we observed the oscillation of the coincidence counts between the signal and the idler photons. This implies that the frequency modes of the photon pairs are well separated with the mode spacing corresponding to the FSR of the cavity as if both photons are confined in the cavity. The comb-like spectra of the photons have no missing teeth due to the elimination of the cluster effect which is seen in the photon pairs based on the PPLN crystal in the doubly-resonant OPO. By using the signal photon confined in the cavity as the heralding photon, the heralded idler photons are efficiently extracted with the exponential rising waveform as the time reversed shape of the heralding signal pho-tons. We believe the wide-band frequency multiplexed photon pair generator with a simple and a compact design based on the PPLN waveguide resonator will be useful in various kinds of photonic quantum information processing such as an improvement of an efficiency of quantum key distribution [35, 36] , an efficient photon-matter interface with an atomic frequency comb [37] [38] [39] and a frequency-domain photon manipulation [40] [41] [42] [43] [44] with the use of frequency-domain optical elements [45] [46] [47] .
